Introduction
============

Osteosarcoma, as the most common primary bone sarcoma, has a relatively high morbidity rate in young individuals ([@b1-mmr-15-04-2113]). In the first two decades of life, \~60% of cases of bone cancer are osteosarcoma ([@b2-mmr-15-04-2113]). Despite intensive investigation, effective therapies for osteosarcoma have remained unchanged for the last 30 years, with a five-year survival rate of ≤20% ([@b3-mmr-15-04-2113]). Metastasis is considered to be one of the primary reasons for the unsatisfactory improvements in survival rates ([@b4-mmr-15-04-2113]). To develop effective treatments for osteosarcoma, further investigations are required to understand the pathogenesis of this malignant tumor.

There is evidence that molecular interactions are important in the mechanism of tumorigenesis and as a risk factor ([@b5-mmr-15-04-2113]). Gene-gene interaction analysis is an essential tool to elucidate the nature of human traits ([@b6-mmr-15-04-2113]). At present, it is clear that investigating the interactions of genes can provide increased understanding of disease risk factors, compared with the independent effects of gene variations ([@b7-mmr-15-04-2113],[@b8-mmr-15-04-2113]). Park *et al* ([@b9-mmr-15-04-2113]) identified a novel genetic risk factor for colorectal cancer using gene-gene interaction analysis. Shen *et al* ([@b10-mmr-15-04-2113]) found that the interaction between DAB1 and RELN potentially increases the risk of autism in the Han Chinese population. Network analysis is an effective method to examine interactions and enables the potential identification of communities corresponding to genes with associated functions by module mining ([@b11-mmr-15-04-2113]).

The present study aimed to investigate the differentially expressed genes (DEGs) and the interaction network of osteosarcoma samples, compared with normal samples. The network was furthered divided into different interaction modules, and genes in the differential expression modules were verified in the other two datasets.

Materials and methods
=====================

### Gene expression profiles

The gene expression profiles of osteosarcoma samples and matched normal samples were downloaded from the Gene Expression Omnibus (<http://www.ncbi.nlm.nih.gov/geo/>). For profile retrieval, four keywords (osteosarcoma, normal, human and array express) were used. In addition, eligible profiles were those including at least three samples. In total, three datasets were obtained (GSE36001, GSE19276 and GSE16088). A total of 21 osteosarcoma samples and four normal bone tissues were included in GSE36001 ([@b12-mmr-15-04-2113]), which was based on the Illumina human-6 v2.0 expression beadchip platform. GSE19276 ([@b13-mmr-15-04-2113]) was comprised of 44 osteosarcoma samples and five normal bone tissue samples, based on the Agilent-012391 Whole Human Genome Oligo Microarray G4112A platform. For the GSE16088 ([@b14-mmr-15-04-2113]) dataset, the platform used was the Affymetrix Human Genome U133A Array, which included 17 osteosarcoma samples and six normal bone tissue samples. The probe symbols in these profiles were converted into gene symbols, and the average values of genes with multiple corresponding probes were used as the expression values.

### Screening of DEGs

To identify which genes were differentially expressed in the osteosarcoma samples and normal tissue samples in GSE16088, the significance analysis of microarrays (SAM) ([@b15-mmr-15-04-2113]) method was applied rather than a t-test to control the rate of false positives using the false discovery rate (FDR). The cut-off level was FDR\<0.05. Subsequently, principle component analysis (PCA) ([@b16-mmr-15-04-2113]) was performed to determine whether the selected DEGs were able to distinguish the osteosarcoma samples from the normal samples in this dataset.

### Protein-protein interaction (PPI) network

The Human Protein Reference Database, which stores the most information on PPIs, was examined to determine the interactions of the genes in GSE16088. Briefly, Pearson coefficients between each interacting gene pair in osteosarcoma and normal conditions were calculated using R version 3.1.3 ([www.r-project.org](www.r-project.org)), and pairs with coefficients \>0.5 were retained for the construction of two condition-specific interaction networks. The two networks were then integrated to remove the common interaction between the normal and osteosarcoma PPI networks, leaving the interactions of the DEGs only. Finally, the topological properties ([@b17-mmr-15-04-2113]) of this differential interaction network were examined, including the degree, betweenness and hub score.

### Differential expression module mining

The modules, which comprise a group of specific genes or proteins in the PPI network, exert important effects. The multilevel community ([@b18-mmr-15-04-2113]) function of the igraph package (R/igraph 1.0.0; [www.igraph.org](www.igraph.org)) was utilized for network module mining. Screening of the modules containing \>15 genes was used to perform differential expression analysis in the GSE16088 profile using the GlobalAncova package in R language (version 3.42.0; <https://www.bioconductor.org/packages/release/bioc/html/GlobalAncova.html>). P\<0.01 was considered to indicate a differential expression module.

### Enrichment analysis

Genes in the differential expression modules were subjected to Database for Annotation, Visualization and Integrated Discovery for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment ([david.ncifcrf.gov](david.ncifcrf.gov)). The GO and KEGG terms with FDR\<0.05 were regarded as significant functions and pathways.

### Differential expression module verification

To verify the differential expression modules of the osteosarcoma samples, the GSE36001 and GSE19276 datasets were used. The expression levels of genes from modules 117, 135 and 152 in these two datasets were calculated, based on which a hierarchical clustering method was applied to confirm whether it was possible to confirm the differential expression profile of these genes between the osteosarcoma and normal samples.

Results
=======

### Screening of DEGs

Following preprocessing, 24,614, 19,595 and 13,025 genes were obtained in the GSE36001, GSE19276 and GSE16088 datasets, respectively. A total of 11,010 genes were identified as genes common genes to the three datasets ([Fig. 1A-C](#f1-mmr-15-04-2113){ref-type="fig"}). Using the SAM method, 616 DEGs were screened out between the osteosarcoma and normal samples in the GSE16088 dataset. The results of the following PCA analysis showed that these DEGs enabled isolation of the osteosarcoma samples from the normal samples ([Fig. 2](#f2-mmr-15-04-2113){ref-type="fig"}).

### PPI network of the DEGs

Proteins are the components, which perform the majority of the biological functions in the human body and usually function in interactive pairs during these processes. The PPI network of the DEGs in the GSE16088 dataset comprised 13,820 protein interaction pairs and 5,780 genes. The degree represents the importance of a node in the network, whereas the betweenness is the distance between a node and other nodes in the network. The 10 genes with the highest degree, betweenness and hub score are listed in [Table I](#tI-mmr-15-04-2113){ref-type="table"}, and included tumor protein p53 (TP53), sarcoma (SRC), mitogen-activated protein kinase 1 (MAPK1) and estrogen receptor 1 (ESR1). SRC was the gene with the highest degree, betweenness and hub score.

### Differential expression module mining

The multilevel community method identified 23 modules in the PPI network of the DEGs, and each of these modules had \>15 genes ([Table II](#tII-mmr-15-04-2113){ref-type="table"}). Following screening using the GlobalAncova package, a total of three modules (modules 117, 135 and 152) were selected as the differential expression modules (P\<0.01; [Table II](#tII-mmr-15-04-2113){ref-type="table"}).

### Enrichment analysis

The genes in the differential expression modules underwent GO and pathway enrichment analyses ([Table III](#tIII-mmr-15-04-2113){ref-type="table"}). The genes in module 117 were primarily associated with the autophagy function, including intracellular membrane-bounded organelle and intracellular organelle, whereas module 135 was primarily enriched in the fibroblast growth factor receptor (FGFR) signaling pathway and MAPK signaling pathway. Module 152 was most closely involved with tumor-associated terms, including the Notch signaling pathway. Furthermore, in module 152, the neurogenic locus notch homolog protein 3 (NOTCH3) and caspase 1 (CASP1) genes only interacted with other genes in the osteosarcoma status ([Fig. 3](#f3-mmr-15-04-2113){ref-type="fig"}).

### Differential expression module verification

The genes in the differential expression modules were assessed for their ability to classify different samples in the other two expression profiles to verify the results from the GSE16088 dataset. The 151 genes in differential expression module 117 ([Fig. 4A](#f4-mmr-15-04-2113){ref-type="fig"}) were able to distinguish osteosarcoma genes from normal genes. The genes in modules 135 and 152 also enabled satisfactory distinguishing of osteosarcoma samples ([Fig. 4B and C](#f4-mmr-15-04-2113){ref-type="fig"}).

Discussion
==========

In order to investigate the possible molecular pathogenesis of osteosarcoma, the expression profiles and the interactions between DEGs were examined in the present study. A total of 616 DEGs were obtained in the osteosarcoma samples using the GSE16088 microarray data. A tumor-specific PPI network was then constructed using 13,820 interaction pairs and 5,780 genes, including normal specific-interaction pairs and disease-specific interaction pairs. Subsequently, the significantly connected sub-network modules were mined in this PPI network, from which three differential expression modules were identified. Functional and pathway enrichment analyses were used to analyze the enriched terms of the genes in these three modules. Finally, the genes in these modules were confirmed to be able to distinguish osteosarcoma samples from normal samples in the GSE36001 and GSE19276 datasets.

The topological properties of the degree, betweenness and hub score of the PPI network were examined. DEGs, including SRC, TP53 and ESR1 were found to be altered significantly in the osteosarcoma status, compared with the normal status. Thus, it was inferred that their roles were markedly altered in the osteosarcoma samples, and they may have specific contributions to the occurrence and development of this disease.

SRC showed the highest degree, betweenness and hub score levels, suggesting that SRC is the central gene during the development of osteosarcoma, and all the other connections were initiated by SRC. SRC is a known proto-oncogene ([@b19-mmr-15-04-2113]), and the vital roles of SRC in colon cancer ([@b20-mmr-15-04-2113]) and breast cancer ([@b21-mmr-15-04-2113]) have been reported. SRC is involved in regulating cellular signaling, which results in the migration and invasion of cancer cells ([@b22-mmr-15-04-2113]). In addition, evidence shows that SRC is a prognostic gene for tumors in osteosarcoma ([@b23-mmr-15-04-2113]). In the present study, genes in the PPI network with a high rank in terms of their topological properties were considered to be causal genes for osteosarcoma. TP53, MAPK1 and ESR1 were also in the list of top 10 genes with important roles in the PPI network. It has been reported that these are all important oncogenes and osteosarcoma-associated genes ([@b24-mmr-15-04-2113]). In a previous study on sporadic osteosarcoma reported \~3--7% had TP53 mutations ([@b25-mmr-15-04-2113]). TP53 suppresses the proliferation, metastasis and angiogenesis of osteosarcoma cells through inhibition of the phosphoinositide 3-kinase/AKT/mammalian target of rapamycin pathway ([@b26-mmr-15-04-2113]). ESR1 can initiate or enhance the transcription of genes responding to estrogen stimulation ([@b27-mmr-15-04-2113]) and the DNA methylation of ESR1 is reported to be a useful prognostic indicator in osteosarcoma ([@b24-mmr-15-04-2113]).

By examining the expression levels of genes in the differential expression modules, it was found that not all of these genes were DEGs in the osteosarcoma samples, suggesting it is not sufficient to investigate the mechanism of osteosarcoma by analyzing the differential expression of DEGs alone. The present study found that the interaction between NOTCH3 and CASP1 only existed under the osteosarcoma status in module 152, indicating that they were potential osteosarcoma-associated genes. The involvement of Notch signaling is important in cancer, and NOTCH3 is reported to be involved in the growth and survival of lung cancer ([@b28-mmr-15-04-2113]). The expression of NOTCH3 is upregulated in osteosarcoma cells ([@b29-mmr-15-04-2113]). The activation of caspase is involved in the execution of apoptosis in humans, and activation of caspase 1 has been shown to affect apoptosis in human prostate cancer ([@b30-mmr-15-04-2113]). The overexpression of CASP1 has been confirmed as an inducer of apoptosis in mammalian cells ([@b31-mmr-15-04-2113]).

The PCA analysis performed in the present study demonstrated that the differential expression module was verified in the GSE36001 and GSE19276 datasets. Therefore, the differential expression modules were able to isolate osteosarcoma samples from normal samples. The reliable molecular modules identified based on the analysis of gene expression profiles and interaction mining may be provide valuable clues to elucidating the molecular pathogenesis of tumors.

In conclusion, TP53, MAPK1, ESR1, NOTCH3 and CASP1 may be important in the development of osteosarcoma, which provides valuable clues to investigate the pathogenesis of osteosarcoma together with three differential expression modules.
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![Interaction network of genes in the differential expression module 152. Blue nodes represent differentially expressed genes. Grey edges represent normal status. Red edges represent osteosarcoma status.](MMR-15-04-2113-g02){#f3-mmr-15-04-2113}

![Classification of genes in the differential expression modules of GSE36001 and GSE19276. (A) Effect of genes in module 117 in (a) GSE36001 and (b) GSE19276. (B) Effect of genes in module 135 in (a) GSE36001 and (b) GSE19276. (C) Effect of genes in module 152 in (a) GSE36001 and (b) GSE19276; O, osteosarcoma samples; N, normal samples.](MMR-15-04-2113-g03){#f4-mmr-15-04-2113}

###### 

Top 10 gene nodes with highest degrees, hub scores and betweenness in the differentially expressed gene network.

  Gene      Degree   Gene    Hub score   Gene     Betweenness
  --------- -------- ------- ----------- -------- -------------
  SRC       109      SRC     1           SRC      0.046616
  GRB2        97     ESR1    0.777419    TP53     0.042007
  EP300       96     SHC1    0.76465     SMAD2    0.032582
  TP53        96     GRB2    0.763542    GRB2     0.031228
  ESR1        87     MAPK1   0.741441    CTNNB1   0.029823
  MAPK1       79     EGFR    0.696561    ESR1     0.02954
  FYN         76     FYN     0.620895    EP300    0.028269
  CSNK2A1     76     PRKCD   0.585712    SMAD3    0.02601
  SMAD2       75     EP300   0.582316    EGFR     0.024847
  SMAD3       75     LCK     0.579908    MAPK1    0.023829

SRC, sarcoma; TP53 tumor protein p53; GRB2, growth factor receptor-bound protein 2; EP300, E1A binding protein p300; ESR1, estrogen receptor 1; MAPK1, mitogen-activated protein kinase 1; CSNK2A1 casein kinase 2 α1; SMAD, small mothers against decapentaplegic; PRKCD, protein kinase Cδ; LCK, lymphocyte-specific protein tyrosine kinase; CTNNB1, catenin-β1; EGFR, epidermal growth factor receptor.

###### 

Differential expression modules.

  Module   F-value   P.perm
  -------- --------- --------
  117      3.27         0
  152      2.87         0
  135      3.15         0
    86     2.64        0.01
  123      3.02        0.01
  101      2.14        0.02
  124      2.53        0.02
  130      3.10        0.02
  103      2.82        0.02
    96     2.63        0.02
  147      2.73        0.03
    85     2.54        0.03
  120      2.66        0.03
  106      2.76        0.04
  121      2.53        0.04
  127      2.93        0.04
    61     2.65        0.05
  159      2.55        0.05
  122      2.70        0.05
  153      3.11        0.05
  137      2.77        0.06
    50     2.49        0.06
  114      2.60        0.12

###### 

Top 10 enriched function and pathway terms of the differential expression modules.

  Module   GO term                                                P-value    Bonferroni
  -------- ------------------------------------------------------ ---------- ------------
  117      GO:0030118\~clathrin coat                              1.21E-15   2.23E-13
  117      GO:0030135\~coated vesicle                             1.90E-13   3.47E-11
  117      GO:0030117\~membrane coat                              6.94E-13   1.27E-10
  117      GO:0044431\~Golgi apparatus part                       7.05E-13   1.29E-10
  117      GO:0043231\~intracellular membrane-bounded organelle   2.41E-11   4.41E-09
  117      GO:0005794\~Golgi apparatus                            1.64E-10   3.00E-08
  117      GO:0030125\~clathrin vesicle coat                      3.03E-10   5.54E-08
  117      hsa04142:Lysosome                                      5.38E-10   2.37E-08
  117      GO:0043229\~intracellular organelle                    8.78E-10   1.61E-07
  117      GO:0006897\~endocytosis                                2.02E-09   1.22E-06
  135      GO:0044459\~plasma membrane part                       1.46E-16   1.73E-14
  135      REACT_9470:Signaling by FGFR                           1.30E-13   2.33E-12
  135      REACT_1505:Integration of energy metabolism            7.89E-13   1.42E-11
  135      GO:0005834\~heterotrimeric G-protein complex           1.79E-11   2.80E-09
  135      hsa04130:SNARE interactions in vesicular transport     5.08E-11   2.95E-09
  135      GO:0034703\~cation channel complex                     1.39E-10   2.17E-08
  135      REACT_15380:Diabetes pathways                          8.10E-09   1.46E-07
  135      GO:0019897\~extrinsic to plasma membrane               1.99E-09   3.10E-07
  135      GO:0031201\~SNARE complex                              2.71E-09   4.23E-07
  135      hsa04010:MAPK signaling pathway                        1.31E-08   7.58E-07
  152      GO:0006625\~protein targeting to peroxisome            1.74E-14   1.07E-11
  152      GO:0042579\~microbody                                  1.07E-13   1.10E-11
  152      GO:0005777\~peroxisome                                 1.07E-13   1.10E-11
  152      GO:0043574\~peroxisomal transport                      3.71E-14   2.28E-11
  152      GO:0005778\~peroxisomal membrane                       2.56E-13   2.61E-11
  152      GO:0031903\~microbody membrane                         2.56E-13   2.61E-11
  152      hsa04330:Notch signaling pathway                       8.59E-13   3.27E-11
  152      GO:0044438\~microbody part                             6.73E-12   6.86E-10
  152      GO:0044439\~peroxisomal part                           6.73E-12   6.86E-10
  152      GO:0007219\~Notch signaling pathway                    3.26E-12   2.01E-09

GO, Gene Ontology; FGFR, fibroblast growth factor receptor; MAPK, mitogen-activated protein kinase.
